The application of atmospheric pressure plasmas to human tissue has been shown to have therapeutic effects for wound healing and in treatment of skin diseases. These effects are attributed to production of UV photon fluxes, electric fields and beneficial radicals which intersect with biological reaction chains, and to energetic ions bombarding the surface. In this paper we report on results from a computational investigation of the ion energy and angular distributions (IEADs) in a dielectric-barrier discharge sustained in air incident directly on cell membranes for small dry and wet wounds in human skin. We found that ion energies in excess of 20-30 eV can be delivered onto cell membranes of dry wounds, and up to 60 eV onto the liquid interface of the wet wound. The details of the IEADs depend on the orientation of the cell membrane and on the relative location of the plasma streamer to the wound. Using results from a molecular dynamics simulation of ion sputter probabilities of typical lipid-like material, we show that prolonged exposure of the cell membrane to such IEADs can produce significant carbon removal.
Introduction
Cold atmospheric pressure plasma (CAPP) treatment of living tissue is being used in a variety of therapies now referred to as plasma medicine [1] [2] [3] [4] [5] . Some examples of medical applications of CAPP are the use of plasmas in the treatment of dental cavities [6] , sterilization of surfaces [7] , and treatment of skin diseases [8, 9] and melanoma [3, 10] . In particular, CAPP has been shown to have therapeutic effects in wound healing [11] . The direct application of plasma triggers a sequence of biological responses in tissues and cells which speeds the recovery of ulcerated skin and wounds. This is partly due to the high bactericidal effectiveness of plasmas 3 Author to whom any correspondence should be addressed.
while not harming mammalian cells. CAPP produces a unique environment of reactive oxygen species (ROS) and reactive nitrogen species (RNS), charged particles, photons, heat, and electrostatic and electromagnetic fields, many of which are known to induce biological effects [12] . For example, nitric oxides (NO) can promote cell proliferation while hydroxyl radicals (OH) are anti-bacterial agents [8, 9, 13] , as are UV photons [1, 14] . An issue of current research is the manner of penetration of plasma produced species into tissue or the biological fluid which covers most wounds and tissue. For example, the maximum penetration depth of plasma produced ROS/RNS into biological fluids prior to reacting may be at most a few tens of microns. The penetration into the skin or living tissue may be even more limited [15] .
The role of kinetically energetic particles, such as ions produced by the plasma, in these processes is even less clear. It is well known that ions having energies of many keV are effective at sputtering cell membranes and biological tissue [16] . In prior studies [17] we found that dielectric-barrier discharges (DBDs) sustained in atmospheric pressure air, a common plasma source used in plasma medicine [7] , are able to deliver pulses of energetic ions to dielectric surfaces lasting up to a few ns. Depending on the voltage and dielectric constant of the underlying material, ion energies in excess of tens of eV can be delivered to the top surface, accounting for a few percent of incident ions averaged over the pulse. In an analogous manner, it is likely that DBDs incident onto living tissue and biological fluids also deliver bursts of energetic ions. The details of the interaction of such low-energy ions with biological tissue and fluids are not clearly known. However, given that the energy of these ions can exceed the bond and dissociation energies of the molecules in biological fluids and on the surface of cells, it is likely that some bond breaking occurs, as quantitatively observed in low pressure microwave plasma exposure of lipid layers [18] . As such, ion bombardment may produce ROS/RNS within the fluid or on the surface of cells, or activate the surface to enable otherwise endothermic processes to occur in analogy to activation of etching and deposition processes in semiconductor processing [19] . Therefore, the therapeutic effects of CAPP may also be partially attributed to energetic ions impinging onto wounds and tissue surfaces [1, 7] .
In this paper, we discuss one of the least investigated sources of activation energy in the CAPP treatment of living tissue and wounds-pulses of energetic ions produced by DBDs. We computationally investigated ion energy and angular distributions (IEADs) incident onto a small wound in human skin, and onto the surface of a liquid filled wound. Using molecular dynamics (MD) simulations of lipid-like layers that have some of the properties of cell membranes, we predict the carbon sputter probabilities by low-energy ion bombardment (<150 eV). Using the computed IEADs and these probabilities, we comment on the possible effects of CAPP exposure of these cell membranes.
We found that ion energies in excess of 20-30 eV can be delivered within the small wound depending on the location of the filament relative to the wound. Ion energies up to 60 eV can be incident onto the surface of a liquid filled wound, higher average energies than onto the dry wound due to the larger dielectric constant of the fluid compared to the bare cells. It is well known that ions play an important role in plasma-treated liquids (such as blood serum) as catalysts and in triggering biological responses. Although the physicalchemical interaction of these ions with the liquid covering the wound is a critically important issue, the mechanisms are poorly understood, and their discussion is beyond the scope of this particular investigation.
Results from the MD simulations indicate that carbon atom sputtering yields from lipid-like films following argon ion bombardment range from 1.0 for energies of 30-40 eV to in excess of 10 for ion energies in excess of 100 eV. When convolved with the predicted IEADs, effective sputtering yields in excess of 0.1 are produced. We note that the lipidlike films used in these MD simulations are not intended to represent the lipid bi-layers of cell membranes, but in the absence of better models of the tissue material interacting with CAPP, we have used these films as approximate models.
The models used in this investigation are described in sections 2 and 3. We quantify IEADs delivered to dry wounds resulting from DBD filaments arriving directly on and adjacent to the wounds in section 4. IEADs incident onto the surface of a wound filled with blood serum are also discussed in section 4. Results from the MD simulations are in section 5, and a discussion of the implications of the MD simulations on DBD treatment of cells is in section 6. Our concluding remarks are in section 7.
Description of the plasma model
To provide insights into the IEADs delivered by filaments in DBDs intersecting with wounded human skin, we computationally investigated the dynamics of a single plasma filament at different locations near the wound. The model, nonPDPSIM is the same used in [17, 20] . nonPDPSIM is a two-dimensional simulation implemented on an unstructured numerical mesh in which Poisson's equation and transport equations for charged and neutral species are solved. Poisson's equation is solved throughout the entire computational domain (except in metals where the potential is specified as a boundary condition). Continuity equations for gas phase charged and neutral particles are only solved in the plasma region. Conservation equations for surface and volume charge are solved on and inside all non-metallic materials.
An unstructured mesh having a dynamic range of >1000 is used to enable both the DBD reactor scale and the sheath at the surface of the skin, as well as cellular structure within the wound to be resolved in a single mesh [20] . The unstructured numerical mesh has triangular elements with refinement regions. The meshes consist of approximately 10 000-12 000 nodes, of which about 4000-6000 are in the plasma region. The plasma is sustained in 1 atm of dry air. The reaction mechanism is discussed in [17] . Note that typical experiments on plasma tissue interactions are often conducted in humid air, and so our calculation is idealized in this regard. In discharges sustained in humid air, in addition to nitrogen and oxygen ions, water ions and water-cluster ions are formed. The fraction of water ions that are initially produced during the current pulse is roughly proportional to the mole fraction of the water vapour, at most a few percent. During the short current pulse (< a few ns), there is insufficient time for the series of charge exchange reactions to occur that produce water-cluster ions. Therefore, even in humid air, the majority of ions incident onto the wound during the current pulse are those of nitrogen and oxygen. As such, our idealized conditions are a good approximation.
IEADs to surfaces are computed using the Plasma Chemistry Monte Carlo Module (PCMCM), as described in [21] . The PCMCM is executed on a Cartesian mesh that overlays a subset of the computational domain. Pseudoparticles representing ions are launched from sites within the PCMCM mesh with weightings proportional to their rate of generation by electron impact and heavy particle reactions.
Pseudo-particles are also launched from the boundaries of the PCMCM mesh in proportion to the entering fluxes of ions. Monte Carlo techniques are used to advance their trajectories in time varying electric fields while accounting for elastic and inelastic collisions. Electric potentials as a function of position computed on the unstructured mesh are interpolated onto the rectilinear structured mesh that overlays the unstructured mesh to enable the Monte Carlo algorithms to more rapidly execute. The energy and angle of particles as they strike surfaces are recorded over a predetermined period of time to provide IEADs as a function of location on the solid surface and time. The typical spatial resolution for the structured PCMCM meshes is 0.3 µm.
The human skin modelled in this investigation consists of a thin outer layer, the epidermis and an inner layer, the dermis. Four layers of cells are resolved in the epidermis. The wound is a small slice in the skin down to the dermis which exposes live cells to the plasma, as shown in figure 1 
. The dielectric constant of the cell membranes, cytoplasm and nucleoplasm are ε/ε 0 = 5.8, 30 and 20, respectively [22, 23] .
A schematic of the model geometry for DBD treatment of wounded human skin is shown in figure 1 
Description of the MD model
The Tersoff-Brenner style reactive empirical bond order (REBO) [24] is employed to describe C-H-O interactions for the MD simulations, and is similar to the one employed and described previously in simulating sputtering of oxygencontaining polymers [25] . One major assumption is the neglect of long-range van der Waals interactions for reasons described in detail elsewhere, but briefly, we have found that ionpolymer interactions tend to be dominated by the covalent bond breaking and recombination dynamics that occur in the short times (∼1 ps) of the collision cascades. Newton's equations of motion are integrated numerically with the velocity Verlet algorithm using a time step of 0.1 fs. The Berendsen thermostat is used to control the system temperature. The initial simulation cell consists of sets of 36 vertically aligned acyl chains (6×6 arrays) of our model lipid A molecules, following approximately the structure described by Kato et al [26] . The acyl chains consist of C 15 H 29 O 2 and C 15 H 28 O 3 (attached to beta hydroxy group), with the ratio of 2 : 1.
The initial surface is constructed from these 36 chains and is allowed to equilibrate under the simulation procedure for several tens of picoseconds to yield a relaxed surface at 300 K. The dimensions of the simulated film are approximately 2.3 nm × 3.6 nm and 6.8 nm deep. The initial density of the film was found to match typical polymers (∼0.8 g cm −3 ). The lateral boundaries are treated as periodic and the bottom layer (consisting in this case of entire lipid A chains) is initially held fixed. In order to allow simulations of films deeper than a single C15 chain, we connect these model lipid A segments together and as material is sputtered from the surface, additional chains are added. This is thought to mimic real films with many layers of biopolymer present. We note that similar strategies worked well in simulation of ion sputtering of non-biological polymers [25] . Simulated Ar + ions are initially placed at random positions laterally at a height beyond the cut-off of the potential, and are directed at normal incidence to the surface. Ions are assumed to be neutralized before impact via Auger processes and therefore all species are treated as fast neutrals. A Moliere-type potential is used to model interactions of Ar with all other species. At the end of each impact lasting between 0.5 and 10 ps, any sputtered products and remaining Ar are removed and the cell is cooled to 300 K. The next ion is launched and the process is repeated until results such as average sputtering yield reaches a steady state.
IEADs onto dry and wet wounds
We launched positive plasma filaments from locations L (left), O (over) and R (right) from the upper dielectric. These locations determine the position of the filament to the left, over or to the right of the wound, respectively, as shown in figure 1(a) . The skin is initially uncharged and the DBD voltage is 40 kV. Typical plasma densities are 10 15 cm −3 . When the plasma strikes the surface of the thumb, the surface charges as in a conventional DBD, resulting in a spreading of the plasma along the surface, as shown in figure 1(a) . This behaviour is very similar to the interaction of DBDs with organic materials, such as hydrocarbon polymers. The behaviour and spreading of such filaments is discussed in [17] .
When the plasma filament is far from the surface, the electric field in the tip of the filament is of the order of 150-200 kV cm −1 . When the filament strikes a surface, in this case a cell membrane, thereby bridging the gap with a conductive channel, the majority of the applied voltage is momentarily transferred to the sheath at the surface of the wound. This results in electric fields being many hundreds of kV cm −1 lasting for a few ns. Given these electric fields, with mean free paths of about one-half micron for ions at atmospheric pressure, one might expect ion energies of up to tens of eV incident onto the membrane surface produced by acceleration in the sheath. (The time to accelerate an oxygen ion across its mean free path of 0.5 µm to an energy of 20 eV in an electric field of 400 kV cm −1 is <0.1 ns.) The propagation of the space charge wave in the head of the filament in the vicinity of the wound and the electric field in the wound for the positive filament directly over the wound are shown in figure 2 . The space charge, having densities exceeding 6 × 10 15 cm −3 , defines the location of the ionization front of the filament. After striking the wound, the filament spreads over the tissue surface with a speed of 5 × 10 8 cm s −1 . With an electron density of nearly 10 15 cm −3 and electron temperature of 3-5 eV, the Debye length λ D < 1 µm. As a result, the plasma is able to penetrate into the wound. A sheath is formed conformal to the surface of the exposed cells, though not into the narrowest feature at the centre of the wound. As the filament approaches the wound and electric potential is compressed between the head of the filament and the exposed cells, the electric field in the sheath exceeds 700 kV cm −1 , after which it begins to dissipate. The thickness of the sheath decreases from 15 µm to 7 µm as the discharge spreads along the surface.
The time evolution of IEADs for O + 2 onto the cell surfaces at sites A, B and C is shown in figure 3 . The angle integrated ion energy distributions (IEDs) for location A are shown in figure 4 . Normal vectors to these sites are shown in figure 1(b) . Ions incident onto site A arrive nearly normally to the surface of the cell. Ions incident onto sites B and C initially have grazing angles. As the head of the plasma filament approaches the wound (t < 0.3 ns), the potential is expelled from the conductive channel of the filament and compressed in the space ahead of the channel and the surface. Ions incident onto the wound are mostly produced by photoionization ahead of the ionization front and are accelerated in this enhanced field. Ion energies are 0.1-1 eV. These energies are commensurate with the effective equilibrium drift temperature of oxygen ions in the vacuum fields [27] . As the ionization front enters into the wound and the sheath is formed at the surface of the cells, the ion energies onto the cells increase. At site A, whose surface normal is nearly vertical, the bulk of the IEAD extends to 15 eV at 0.32 ns with a tail that extends to nearly 100 eV corresponding to the peak electric field of > 700 kV cm −1 . The epithermal ions (energies 1 eV) have essentially isotropic angles of incidents. At the time when the tail of the IEAD extends to the highest energy (0.34 ns) 14% of ions have energies above 2 eV, 12% above 5 eV, 8% above 10 eV and 5% above 20 eV. The angle of incidence of ions above 1 eV is ±20
• . The IEAD begins to degrade in energy as the sheath spreads and the sheath voltage diminishes. However, there is still a substantial tail to the IEAD that extends above 40 eV.
The IEADs incident onto site B have nearly the same thermal component as site A and the ions have nearly the same maximum extent in energy, however, the ions initially arrive at grazing angles. Since the length of the chord for ions to travel through the sheath to arrive at Site B is longer than for site A, the ions are moderately more collisional, and so the thermal component is larger. At the time that the tail of the IEAD extends to its greatest energy, 11% have energies above 2 eV, figure 1(b) ) is also shown (right column). As the plasma filament (conditions: dry air, +40 kV) approaches the wound and the applied potential is compressed between the filament head and the cells, the electric field exceeds 700 kV cm −1 . (The contours are plotted on a log scale over 3 decades with the maximum value shown in each frame.) 6% have energies above 10 eV and 4.5% have energies about 20 eV. As the sheath penetrates further into the wound and the plasma density increases, thereby decreasing the thickness of the sheath, the sheath becomes more conformal to the contour of the cell. That is the sheath edge become locally parallel to the surface of the cell. As a result at later times, the IEADs which initially arrive at grazing angles transition to having ions arriving with more normal incidence, as shown for site B in figure 3 .
Due to charging of the cell membranes, site C sits below the sheath. The Debye length of many microns is still commensurate with the size of the opening and so is not able to conformally cover the cell surfaces at site C. Ions are accelerated through the sheaths to energies commensurate to sites A and B. However, these ions undergo collisions prior to arriving at the surface. The ions arrive at site C with grazing angles with significantly lower energies than at sites A and B. At the time the IEAD has its greatest extent, only 2% of ions have energies greater than 2 eV and only 0.4% above 10 eV. When the DBD filament strikes off centre of the wound, energetic ions can still be delivered to cells within the wound. For example, IEADs are shown in figure 5 for a filament striking to the right of the wound and in figure 6 to the left of the wound. The filament strikes the skin surface at approximately 0.3 ns in each case. As the filament spreads on the surface of the skin approaching the wound, the few ions that strike the wound are largely thermal with energies of <0.5 eV. When the filament reaches the wound the plasma conformally envelopes the surface of the cells, forming a sheath whose voltage drop is essentially the same as for directly striking filament. The IEADs incident onto sites A, B and C therefore largely resemble those for the directly striking filament, but are delayed in time to account for the spreading time from the original site of impact. For the filament striking to the left of the wound (shown in figure 6 ), the IEADs are slightly additionally delayed and degraded in energy. This is due to the curvature of the thumb surface. The filament striking to the left of the wound has a larger gap between the electrode and the skin surface, and so a slower propagation speed and lower electric field in the spreading sheath.
It is often the case that wounds are covered with a fluid resembling blood serum which has a large dielectric constant. The plasma filaments then intersect with a liquid interface. The compression of the electric field on the surface of the liquid upon arrival of the streamer, and IEADs delivered to the liquid-gas interface for a wound filled with liquid having ε/ε 0 = 30 are shown in figure 7 . The angle integrated IEDs are shown in figure 8 . As in the case of the dry wound, ions are thermalized prior to arrival of the filament onto the liquid surface. As the sheath forms and dissipates, a pulse of energetic ions with energies exceeding 60 eV is delivered to the surface. The maximum ion energies increase as the sheath is formed and the electric field in the sheath increases. The peak electric field in the sheath momentarily reaches in excess of 900 kV cm −1 . The IEDs decrease in energy as the sheath dissipates when the plasma spreads on the surface of the thumb outside the wound. At the time when the tail of the IED extends to the highest energy (0.34 ns) 88% of ions have energies above 20 eV, 82% above 30 eV, 55% above 40 eV and 16% above 50 eV. The IEADs for ions arriving onto the liquid interface extend to higher energies than IEADs incident onto the cells in the dry wound. This observation is consistent with the scaling of IEADs discussed in [17] where ions arriving onto dielectric surfaces with larger ε/ε 0 have higher energies. This scaling results from electric field lines being expelled from the large ε/ε 0 material (or a longer time is required to charge the higher capacitance of the large ε/ε 0 material), thereby leaving more voltage to be expended in the sheath. The IEADs onto the liquid also have a smaller range in angles, reflecting the fact that the intersection of the filament with the wound is largely parallel to the normal to the surface.
The dielectric relaxation time of cellular material is as large as 5 µs for the cell membranes and <1 ns in the more conductive cytoplasma. Since the rise-time of the electric field arriving onto the cells is a few tenths of a ns, one might expect significant electric field penetration into the cells. The charge density and magnitudes of the electric field inside the cells for the dry wound and the wound covered with blood serum are shown in figure 9 . The maximum electric field at the surface of the bare cells is in excess of 700 kV cm −1 . The short duration of the intersection of the filament with the cell membrane is less than or commensurate with the dielectric relaxation time of the underlying cellular material, and so there is penetration of the electric field into the cells. Peak electric fields of up to 140 kV cm −1 across cell membranes and 80 kV cm −1 across the nucleus are predicted. (See also figure 2.) Due to the intervening dielectric properties of the liquid, the electric fields that penetrate into the cells below the blood serum are smaller than the dry wound, but not significantly so. Electric fields across the cell membranes are 120 kV cm −1 and across the nucleus are 70 kV cm −1 . As discussed in [20] , the voltage drop across the thickness of an actual lipid membrane (5-10 nm) is about 0.1 V, a value corresponding to the lower limit of cell electroporation for long pulses. This is not a large enough value to physically disrupt the cell. As DBDs consist of numerous filaments, the cumulative effect of multiple filaments may lead to significant electroporation. Note that we do not resolve the nuclear membranes.
MD simulation of ion bombardment of model lipid-like films
Typical sputtering results from the MD simulations of model lipid-like materials are shown in figure 10 . The averaged carbon (C) sputter yields for Ar + ion impact at normal incidence as a function of ion energy is in figure 10(a) and side views of the layers before (left) ion impact and after (right) for an ion fluence of 6 × 10 16 cm −2 are shown in figure 10(b) . The sputtering threshold energy appears to be between 10 and 20 eV. At an ion energy of 50 eV, the yield rises to ∼3-4 and increases to ∼10 at 100 eV. Unlike the case of other polymers (e.g., PMMA or polystyrene), these model lipid-like materials do not show the formation of a thin C-rich layer near the surface that is known to significantly reduce ion sputtering yields. For example, polystyrene films impacted at normal incidence by 150 eV Ar + show an initial C sputter yield of ∼5, but after an ion fluence of ∼10 16 cm −2 , the yield drops by about 2 orders of magnitude. It appears that these model lipid-like materials contain too much O and H to allow this transition to occur. Choudhary et al [25] reported a similar result for polyethylene and Teflon model polymer films subject to ion bombardment. Although not shown explicitly here, simulations of room temperature O atom impacts of these model films show that spontaneous etching can occur.
Implications for plasma treatment of exposed cell membranes
When treating tissue and biological liquids with DBDs, represented here by small dry and wet wounds in skin, transient sheaths of hundreds of kV cm −1 are produced at their surfaces. Even at atmospheric pressure, ions that are produced near to cell membranes by these plasma filaments can be accelerated to energies of tens of eV. The character of the IEAD delivered to the cell membranes depends on the location of the plasma filament with respect to the wound and orientation to the filament to the cell surface. Nevertheless, even deep in the wound incident ion energies are up to 5 eV. The energies of ions incident onto the surface of biological liquids tend to be higher (up to 50-100 eV) due to the larger ε/ε 0 of those materials. The consequences of low-energy ion bombardment onto biological tissues and liquids are poorly known. In the context of most studies of ion interactions with biological materials, low-energy ion bombardment encompasses energies of many keV [16] . Although programs such as SRIM [28] are intended for ion energies of many keV, some indication of the potential impact of low-energy ions on biological tissue can be obtained. For example, from SRIM the range of 50-100 eV oxygen ions into material with the atomic composition of human skin is about 1.3 to 1.8 nm. Since the thickness of a typical mammalian cell wall is 10-20 nm, it is not likely that these ion will penetrate the cell wall-but these ions may sputter the cell membrane and activate surface reactions.
If we make analogy to inorganic materials processing, ion energies of tens of eV are sufficient to activate surface processes, break bonds and sputter atoms on polymer surfaces [29] . In studies of low-energy ion bombardment of polystyrene, 50 eV argon ions produced an ion-damaged layer of ∼1.0 nm [30] . As noted above, MD simulations of ∼100 eV Ar + bombardment of polystyrene showed formation of a hydrogen depleted, cross-linked layer 1-2 nm deep [31] .
Although there are certainly critical differences between cell walls and such hydrocarbon polymers, these results indicate that cell walls are likely influenced in meaningful ways by ion energies up to tens of eV. The higher ion energies obtained for DBD interactions with liquids make these interactions even more likely. For example, human blood serum is approximately 92% water and 8% proteins. These proteins are basically hydrocarbons that likely undergo similar ionmolecule reactions as conventional hydrocarbon polymer materials.
The results from the MD simulations for Ar + bombardment of lipid layers, with and without O atoms, is particularly revealing of the potential interactions of the ion and radicals produced in DBDs with materials typical of cell membranes. For example, the results from the MD simulation shown in figure 10 (a) indicate carbon yields for sputtering by Ar + increases from the threshold energy of 15 eV to ∼0.4 at 20 eV and to 1-10 for energies of 35-100 eV. These values are for lipid-like films that have already seen an argon ion fluence of 3.8 × 10 16 cm −2 . Our MD simulations also show that in the presence of an atomic oxygen flux with an ion/neutral ratio of 1 : 10, the carbon sputtering yield is more than 0.1 at ion energies as low as 20 eV.
To estimate the consequences of DBD plasma treatment of cell membranes, we assumed that the carbon sputtering yields by Ar + produced by the MD simulation are representative of ions having similar masses, such as O + 2 . This assumption is likely a lower limit to the sputtering yield given the more reactive nature of the oxygen and nitrogen ions produced in air DBDs. We can then convolve these energy-dependent sputtering yields shown in figure 10 (a), Y (ε), with the timedependent IEDs, f (ε, t), to produce an effective, IED averaged sputtering yield, Y eff (t) per ion at a particular time,
By convolving Y (ε) with the ion fluxes, φ(t), over the duration of the pulse and dividing by the area density of sites, ρ, we can estimate the carbon atom removal per site, N c per pulse
Multiplying N c by pulse repetition rate R, produces the time rate of removal of C atoms per site. Y eff (t) for ions incident on site A as a function of time during the arrival of the plasma filament onto the cell is shown in figure 11 . The peak value of the sputtering yield Y eff (t) is about 0.2 though this occurs prior to the arrival of the peak of The total ion fluence per pulse is about 1 × 10 12 cm −2 . For a repetition rate of R = 10 kHz, typical of DBDs used in plasma medicine applications, 3 s of exposure to the plasma is required to produce an ion fluence of 3 × 10 16 cm −2 . To predict pulsed averaged sputter yields, we used a site density of ρ = 5 × 10 14 cm −2 , and convolved the predicted IEADs and ion fluxes with the sputter yields from the MD simulations as described above. The predicted sputter yield per pulse is N c = 10 −4 . For a repetition rate of 10 kHz, the total sputter yield is N c R ≈ 1 s −1 . That is, the likelihood of removing the average carbon atom from the lipid layer based solely on ion bombardment produced by the DBD is 1.0 for every second of plasma exposure. In addition to the removal of C atoms, the atoms remaining in the upper echelons of the model lipid layer are significantly spatially mixed from their initial configuration, as shown in figure 10(b) . This mixing likely affects the biological function of the cell membrane.
When including the additional reactivity of oxygen radicals, significantly more carbon removal may take place. The results of the MD simulation indicate the carbon etching yield of a model lipid layer having already experienced 6 × 10 15 cm −2 of ion bombardment is about 0.1. The oxygen fluence during a single discharge pulse is 8×10 14 cm −2 , which produced a rate of carbon removal per site per discharge pulse of about 0.16, and significant carbon removal on a pulseperiodic basis.
Concluding remarks
Atmospheric pressure DBDs being investigated for treating human tissue are capable of producing ns pulses of electric fields up to many hundreds of kV cm −1 . Even with mean free paths of less than a micron, this produces ion energies incident onto cell membranes of many tens of eV. In the case of DBD treatment of high permittivity biological fluids, the ion energies may exceed 60-70 eV. The angle of incidence of the ions initially depends on the orientation of the cell surface to the plasma filament. Since the Debye length of the plasma filament produced by DBDs is commensurate with the contours of exposed cells, the transient sheath is able to conformally cover exposed cells. Due to this conformal covering of the cells, the IEADs may initially arrive at grazing angles but eventually become nearly normal to the surface. Note that there is strong dependence of ion energy on the applied voltage. As the filament is highly conductive, the potential drop along the length of the filament is small and so a large fraction of the applied voltage is dropped in front of the head of the filament. This voltage appears, at least transiently, across the sheath which increases ion energies to the surface and so increases sputtering rates. Although this dependence was not specifically investigated here, the dependence of ion energies distributions delivered by DBDs to flat polymeric surfaces while varying voltage is discussed in [17] .
MD simulations of the interaction of ions with model lipid-like films as found on cell membranes predict sputtering yields of many tens of percent to above unity for ion energies produced by atmospheric pressure DBDs. When convolving these sputter yields with the IEDs and operating conditions expected in DBDs used in plasma medicine applications, ion sputter yields of about 1 s −1 per site, or a monolayer every few seconds of plasma exposure, are predicted in addition to significant mixing of the atoms near the top of the lipid-like layer. These yields are significantly higher with a simultaneous flux of oxidizing radicals.
There are additional effects of ions on cell membranes beyond that of physical sputtering. As mentioned above, ion fluxes contribute to charging of cell membranes, production of electric fields interior to the cell and instigation of processes such as electroporation. There is also a heat loading on the cells due to the recombination energy of the incident ion fluxes. Commenting on the therapeutic or biocidal consequences of these effects, and of the predicted sputtering yields, on cells, is beyond the scope of this paper. However, our results do clearly indicate that the ions produced by atmospheric pressure DBDs are not likely to be passive participants in plasma medicine applications.
